Inhibition of α-glucosidase (EC 3.2.1.20) and β-galactosidase (EC 3.2.1.23) biosynthesis by phenolic compounds (phenol, 2-chlorophenol, 4-chlorophenol, 4-bromophenol and 3,5-dimethylphenol) in Escherichia coli, Bacillus and Pseudomonas species isolated from petroleum refinery wastewater was assessed. At sufficient concentrations, phenols inhibited the induction of α-glucosidase and β-galactosidase. The patterns of these toxic effects can be mathematically described with logistic and sigmoid dose-response models. The median inhibitory concentrations (IC 50 ) varied among the phenols, the bacteria and enzymes. Quantitative structure-activity relationship (QSAR) models based on the logarithm of the octanol-water partition coefficient (log 10 K ow ) were developed for each bacterium. The correlation coefficients varied between 0.84and 0.99 for the enzymes. The test results indicated α-glucosidase and β-galactosidase biosynthesis as important microbial indices for evaluation of toxicity of phenolic compounds.
INTRODUCTION
Phenolic compounds are common constituents in effluents from many industrial sources, including oil refineries and other petrochemical industries. Phenolic wastewaters have been treated using biological processes in which the compounds are digested by acclimated microbial consortium. Numerous microorganisms have been reported to degrade phenol and its derivatives. However, most phenol-degrading bacteria suffer from substrate inhibition, whereby growth and biodegradation rates are inhibited at high phenol concentration due to toxicity (Goudar et al., 2000; Oboirien et al., 2005; Okpokwasili and Nweke, 2006; Kumar et al., 2005; Saravanan et al., 2008; .
Bacteria are important group of microorganisms because of their unique role, for efficient functioning of natural ecosystems. The determination of the toxicity of chemicals to bacteria is an important criterion for the evaluation of pollution risk of chemicals in the environment. In this regard, rapid and sensitive bacterial toxicity tests for assessment of toxicity are developed. Bacterial test systems include the estimation of respiration activity (Anderson et al., 1988; Broecker and Zahn, 1977; Brown et al., 1981; Dutka et al., 1983; King and Painter, 1986) , measurement of growth inhibition of bacteria (Strotmann et al., 1994) , estimation of dehydrogenase activity (Strotman et al., 1993; Okolo et al., 2007) , β -galactosidase activity (Katayama-Hirayama, 1986) , intracellular ATP level (Pill et al., 1991) , bioluminescence (Choi and Gu, 2001) , nitrification inhibition (Strotmann and Eglsäer,1995; Gendig et al., 2003; Juliastuti et al., 2003) , inhibition of periplasmic nitrate reductase (Okolo et al., 2007) , inhibition of enzyme biosynthesis (Dutton et al., 1990; Odokuma and Okpokwasili, 2003; .
Bioassays involving inhibition of enzyme activity and enzyme biosynthesis are simple, rapid, cost-effective and require small volume of samples. Inhibition of biosynthesis and activity of α-glucosidase and β-galactosidase in bacteria have been used to assess toxicity of inorganic and organic toxicants (Barnhart and Vestal, 1983; Dutton et al., 1988; Dutton et al., 1990; Guven et al., 2003; Bitton and Koopman, 1994; Codina et al., 1994, Nweke and . It was previously reported that bioassay based on α-glucosidase and β-galactosidase activity is insensitive to heavy metals (Barnhart and Vestal, 1983; Dutton et al., 1988 Dutton et al., , 1990 . In addition, β-galactosidase biosynthesis was shown to be more sensitive to organic toxicants than β-galactosidase activity (Dutton et al., 1988) .
Although inhibition of α-glucosidase and β-galactosidase biosynthesis have been used to assess toxicity of organic toxicants, they have not been extensively used to assess toxicity of phenolic compounds. Also, not much work has been done to assess toxicity of phenolic compounds on bacterial strains derived from petroleum refinery wastewater. The aim of this study was to compare the inhibitory effects of phenolic compounds on the biosynthesis of inducible enzymes, α-glucosidase and β-galactosidase, in petroleum refinery effluent bacteria. The information obtained should have bearing on the development of ecotoxicity assay using bacteria.
MATERIALS AND METHODS

Test chemicals and reagents
The phenolic compounds, 2-chlorophenol, 4-chlorophenol, and phenol were obtained from Sigma, USA. Others including 4-bromophenol and 3,5-dimethylphenol were obtained from Fluka Rieldel-de Haën. The enzyme substrates p-nitrophenyl-β-D-galactopyranoside and p-nitrophenyl-α-D-glucopyranoside were obtained from Sigma (USA). The Z-buffer for the enzyme assays contained the following components: Na 2 HPO 4 .7H 2 O, 16 g.L -1 ; NaH 2 PO 4 , 5.6 g.L -1 ; MgSO 4 , 0.12 g.L -1 ; KCl, 0.754 g.L -1 and β-mercaptoethanol, 2.7 ml.L -1 .
Cell cultures
Bacterial strains used were Pseudomonas sp. DAF1, Pseudomonas sp. RWW2, Bacillus sp. DISK1 and Escherichia coli isolated from petroleum refinery wastewater obtained from wastewater treatment system of Port Harcourt petroleum refinery, Port Harcourt, southeastern Nigeria. The method of sample collection, isolation and identification of the bacterial strains was as described by Nweke and Okpokwasili (2010) . They were maintained in nutrient agar slants at 4°C. The cells were grown by inoculating 50 ml of sterile nutrient broth media (HIMEDIA) in 100ml Erlenmeyer flask. The cultures were incubated at room temperature (28 ± 2 o C) for 16 -24 hours on rotary shaker operated at 150 rpm. Cells were harvested by centrifugation at 4000 rpm for 10 minutes. Harvested cells were washed twice in sterile deionized distilled water and resuspended in the same water. The cell suspensions were standardized in a spectrophotometer to an optical density of 0.6 at 420 nm. The standardized cell suspensions were used as inocula in the enzyme assays.
β-Galactosidase activity assay
β-Galactosidase activities were determined using p-nitrophenyl-β-D-galactopyranoside, which is hydrolyzed to yellow-coloured p-nitrophenol. Portions (0.1 ml) of standardized cell suspensions were inoculated into sterile triplicate 20 ml screw-capped test tubes containing 1.9 ml of Z-buffered (pH 7.0) nutrient broth-lactose medium (consisting of 0.4 ml of Z-buffer, 0.4 ml of nutrient broth and 0.1 ml of 0.4% w/v lactose) supplemented with a particular concentration of phenolic compound (0 -4000 mg.L -1 ). The controls consisted of inoculated medium without toxicant. The cultures were shake-incubated at room temperature for 1 h. Thereafter, 0.1 ml of 7% w/v sodium dodecyl sulphate (SDS) was added into each tube and shaken to solubilize the cells. Then, 0.1 ml of 0.4% w/v p-nitrophenyl-β-D-galactopyranoside was added and the reaction mixture incubated at room temperature for 24 hours. The reactions were stopped with 1 ml of cold 1 M Na 2 CO 3 solution. The absorbances of p-nitrophenol solution produced were measured spectrophotometrically at 420 nM (λmax). The β-galactosidase activities were calculated relative to controls as shown in equation 1.
α-Glucosidase activity assay
α-Glucosidase activities were determined using p-nitrophenyl-α-D-glucopyranoside that is hydrolyzed to yellow-coloured p-nitrophenol. Portions (0.1 ml) of standardized cell suspensions were inoculated into sterile triplicate 20 ml screw-capped test tubes containing 1.9 ml of Z-buffered (pH 7.0) nutrient broth-lactose medium (consisting of 0.4 ml of Z-buffer, 0.4 ml of nutrient broth and 0.1 ml of 0.4% w/v maltose) supplemented with a particular concentration of phenolic compound (0 -6000 mg.L -1 ). The controls consisted of inoculated medium without toxicant. The cultures were shake-incubated at room temperature for 1 h. Thereafter, 0.1 ml of 0.4% w/v p-nitrophenyl-α-D-glucopyranoside was added and the reaction mixture incubated at room temperature for 24 h. The reactions were stopped by adding 1 ml of cold 1 M Na 2 CO 3 solution. The absorbances of p-nitrophenol solution produced were measured spectrophotometrically at 420 nM (λmax). The α-glucosidase activities were calculated relative to controls as shown in equation 1.
Data analysis
The degree of inhibition was determined relative to control (100% enzyme activity) on the basis of measured absorbances as shown in equation 1. Differences at enzyme activity levels between the controls and other samples were taken as the effect of phenolic compounds on enzyme biosynthesis. At least three replicate tests were carried out on each toxicant. The data were plotted in terms of percent of enzyme activity in control test on y-axis versus concentration of phenolic compound on x-axis with means and standard deviations (n =3) shown as data points and bars respectively. The toxicity thresholds of the toxicants (IC 20 , IC 50 and IC 80 ) were determined by fitting the experimental data (obtained from equation 1) into non-linear logistic (equation 2) and sigmoid dose-response (equation 3) models. All regressions were done iteratively using the data mean and standard deviations at 95% confidence limit. The toxicity thresholds were compared pairwise between the phenolic compound and between β-galactosidase and α-glucosidase using student's t-test. The linear regression analyses were done using Microsoft Excell 2003.
Where, C A is the absorbance of p-nitrophenol in uninhibited control (without toxicant), T A the absorbance of p-nitrophenol in inhibited test (with different concentrations of phenolic compound), x is the concentration of phenolic compound, a the uninhibited value of enzyme activity (100%), b is IC 50 and c is dimensionless toxicity parameter
Where b is slope parameter indicating the inhibition rate and c is IC 50
Quantitative structure-activity relationship (QSAR) analysis
The correlation between IC 50 values and physicochemical properties for some phenolic compounds were evaluated. Two parameters that are often employed in QSAR analysis were used; the logarithm of the octanol-water partition coefficient, Log 10 K ow , characterizing the lipophilicity and the dissociation constant of acid and pKa describing the electronic effect. The Log 10 K ow and pKa values were obtained from Aptula et al. (2002) . Linear regression was performed on the IC 50 (y-axis) versus parameter (x-axis) plot. The predicted IC 50 were generated from the linear models.
RESULTS AND DISCUSSION
The effects of phenolic compounds on the biosynthesis of two inducible enzyme, β-galactosidase and α-glucosidase are shown in Figures 1 -3 . The compounds tested included, phenol, 2-chlorophenol, 4-chlorophenol, 4-bromophenol and 3,5-dimethylphenol. In all the bacteria, phenolic compounds inhibited β-galactosidase and α-glucosidase biosynthesis in a dose-dependent manner. Generally, substituted phenols were more inhibitory than phenol. In terms of α-glucosidase biosynthesis, Escherichia coli tolerated 2-chlorophenol more than other bacteria. 3,5-Dimethylphenol was more inhibitory to α-glucosidase induction in Pseudomonas sp. RWW2 than in other bacteria. Pseudomonas sp. DAF1 and Escherichia coli were tolerant to toxicity of phenol than Pseudomonas sp. RWW2 and Bacillus sp. DISK1. Inhibition of β-galactosidase synthesis in Pseudomonas sp. DAF1 increased with increase in concentration at concentrations ranging from 0 -5000 mg.L -1 for phenol and 0 -1000 mg.L -1
for the other phenolic compounds. At 0 -1000 mg.L -1 , 3,5-dimethylphenol and phenol progressively inhibited β-galactosidase synthesis in Pseudomonas sp. RWW2. On the other hand, 2-chlorophenol, 4-chlorophenol and 4-bromophenol progressively inhibited β- [2]
[3] NWEKE, C. O.; OKPOKWASILI, G. C. Inhibition of β-galactosidase and α-glucosidase synthesis in petroleum refinery effluent bacteria by phenolic compounds. Ambi-Agua, Taubaté, v. 6, n. 1, p. 40-53, 2011. (doi:10.4136/ambi-agua.172) 44 galactosidase synthesis in this bacterium at concentrations up to 320 mg.L -1 and total inhibition of β-galactosidase synthesis was observed at 320, 220, 200, 800 and 1000 mg.L -1 of 2-chlorophenol, 4-chlorophenol, 4-bromophenol, 3,5-dimethylphenol and phenol respectively. Pseudomonas sp. DAF1 was more tolerant than Pseudomonas sp. RWW2 to inhibition of β-galactosidase synthesis by phenolic compounds. In Pseudomonas sp. DAF1, 4-chlorophenol, 4-bromophenol and 3,5-dimethylphenol completely inhibited β-galactosidase synthesis at 600, 800 and 800 mg.L -1 respectively, and at 800 mg.L -1 , 2-chlorophenol inhibited β-galactosidase synthesis by 76.078 ± 6.479%. Like in other bacteria, inhibition of β-galactosidase synthesis in Bacillus sp. DISK1 by phenolic compounds is dose-dependent. However, the extent of inhibition differs from the other bacteria. Bacillus sp. DISK1 is more sensitive to 4-chlorophenol and total inhibition of β-galactosidase biosynthesis was observed at 80 mg.L -1 . On the other hand, 2-chlorophenol, 4-chlorophenol and 3,5-dimethylphenol completely inhibited β-galactosidase synthesis at 200, 200 and 1000 mg.L -1 respectively. Similar responses to the toxicity of 3,5-dimethylphenol were shown by Pseudomonas sp. DAF1, Pseudomonas sp. RWW2 and Bacillus sp. DISK1. Inhibition of β-galactosidase by 3,5-dimethylphenol was sharp at lower concentrations but became less pronounced with successive increase in concentration at higher concentrations. With the exception of 2-chlorophenol, the inhibition pattern of β-galactosidase biosynthesis in Escherichia coli is similar to that of Pseudomonas sp. DAF1.
Generally, phenol was less inhibitory to enzyme biosynthesis than the substituted phenol. Higher concentrations (up to 4000 mg.L -1 ) of phenol were required to inhibit β-galactosidase and α-glucosidase biosynthesis in Escherichia coli and Pseudomonas sp. DAF1. Substituted phenols are known to be more toxic than phenol. For instance, using a number of microbial indices, chlorinated phenol was reported to be more toxic than phenol (Cenci et al., 1987) . The sensitivity of these bacteria to inhibitory effect of phenolic compounds corroborates previous reports that biosynthesis of β-galactosidase was more sensitive to organic pollutants than β-galactosidase activity (Dutton et al., 1988; Reinhartz et al., 1987) . Cenci et al. (1987) also reported that phenol and some chlorophenols did not inhibit β-galactosidase activity of Escherichia coli even at high concentration. Similar insensitivity of β-galactosidase activity to phenol has also been confirmed through a number of investigations (Bitton et al., 1992a (Bitton et al., , 1992b Bitton and Koopman, 1994) . Similarly, Barnhart and Vestal (1983) reported that in vitro α-glucosidase activity was relatively insensitive to pentachlorophenol, phenol and sodium dodecylsulphate. Therefore, enzyme biosynthesis is more reliable than enzyme activity as bacterial index for assessment of toxicity of organic compounds. The inhibition of β-galactosidase and α-glucosidase biosynthesis reported in this study is consistent with the report of Dutton et al. (1990) . The dose-dependent responses of all the bacterial strains are describable by logistic and sigmoid dose-response models with r 2 values ranging from 0.9791 to 0.9999. The toxicity thresholds of the phenolic compounds estimated from the models are shown in Table 1 . Also, the significant difference (P < 0.05) of the thresholds between β-galactosidase and α-glucosidase enzymes were shown.
On the basis of the toxicity threshold, the toxicity of the phenolic compounds varies among themselves, the bacteria and enzyme. Generally, the thresholds of β-galactosidase vary significantly with that of α-glucosidase for a particular bacterium and phenolic compound. Dutton et al. (1990) .
Quantitative structure activity relationship (QSAR) models based on K ow was established for each bacterium. The octanol-water partitioning coefficient (K ow ) is a physicochemical descriptor that is widely used in QSARs. It indicates the ability of a chemical to partition between the aqueous phase and cell membrane. The IC 50 s were plotted on y-axis versus log 10 K ow on the x-axis as shown in Figures 4 and 5. The log 10 K ow -dependent QSAR models have the following general form:
A linear regression of IC 50 (mg.L -1 ) with log10K ow yields a straight line, with the slope and intercept corresponding to the constants a and b in equation 4 respectively. The octanolwater partitioning coefficient (Kow) predicted inhibition of β-galactosidase synthesis by 3,5-dimethylphenol better in Pseudomonas sp. RWW2 than in the other bacteria. As shown in Figures 4 and 5 , the correlation coefficients (r 2 ) ranged from 0.9218 to 0.9889 for α-glucosidase and from 0.8440 to 0.9722 for β-galactosidase. The high regression coefficients indicate that the phenols possibly have the same mode of action against the induction of the enzymes, and that Kow is a strong determinant of toxicity of the phenolic compounds. The octanol-water partitioning coefficient have been adjudged the most important physicochemical parameter related to biological activity (Dearden, 1985) . The r 2 values obtained in this study are comparable to those reported in QSAR analyses involving other organisms. Ren and Frymier (2002) 
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There was poor correlation between pKa (the negative logarithm of the first ionization constant) and the IC 50 (plots are not shown). This indicates that the toxicity of the phenols is independent on their ionization constants. Ren and Frymier (2002) have made similar observation in a QSAR analysis of organic chemicals against Vibrio fischeri. 
